AMPA and NMDA receptors mediate most excitatory synaptic transmission in the CNS. We have developed antibodies that recognize all AMPA or all NMDA receptor variants on the surface of living neurons. AMPA receptor variants were identified with a polyclonal antibody recognizing the conserved extracellular loop region of all four AMPA receptor subunits (GluR1-4, both flip and flop), whereas NMDA receptors were immunolabeled with a polyclonal antibody that binds to an extracellular N-terminal epitope of the NR1 subunit, common to all splice variants. In non-fixed brain sections these antibodies gave labeling patterns similar to autoradiographic distributions with particularly high levels in the hippocampus. Using these antibodies, in conjunction with GluR2-specific and synaptophysin antibodies, we have directly localized and quantified surface-expressed native AMPA and NMDA receptors on cultured living hippocampal neurons during development. Using a quantitative cell ELISA, a dramatic increase was observed in the surface expression of AMPA receptors, but not NMDA receptors, between 3 and 10 d in culture. Immunocytochemical analysis of hippocampal neurons between 3 and 20 d in vitro shows no change in the proportion of synapses expressing NMDA receptors (ϳ60%) but a dramatic increase (ϳ50%) in the proportion of them that also express AMPA receptors. Furthermore, over this period the proportion of AMPA receptor-positive synapses expressing the GluR2 subunit increased from ϳ67 to ϳ96%. These changes will dramatically alter the functional properties of hippocampal synapses.
be moved from an intracellular compartment to the postsynaptic membrane.
Antibodies that recognize extracellular epitopes and can thus label iGluRs on living neurons are important tools for the study of receptor localization and dynamics. The first such antibody (Molnar et al., 1993) was used to compare the cell surface and intracellular distributions of GluR1 in cultured hippocampal neurons (Richmond et al., 1996) and provided anatomical evidence in support of the "silent synapse" hypothesis. Antibodies against the same region of GluR1 and the N-terminal portion of GluR2 were used to further investigate AMPA receptor localization and dynamics (Mammen et al., 1997; O'Brien et al., 1998b; Carroll et al., 1999; Liao et al., 1999; Lüscher et al., 1999) . Using subunit-specific antibodies, however, it is not possible to distinguish between the absence of AMPA receptors and the lack of a particular subunit on the cell surface. For this reason we have used an antibody that recognizes all AMPA receptor subtypes on living neurons. Probes for studying NMDA receptors on living neurons are even more limited. Until now only fluorescently tagged conantokin-G has been used to observe NMDA receptor clusters (Benke et al., 1993; Durand et al., 2000) . We have therefore developed an antibody that labels NMDA receptors on living neurons.
Here we describe the characterization and application of these antibodies to study the developmental profile of AMPA and NMDA receptor surface expression. Our results support the view that early in development there are a large proportion of NMDA receptor-only synapses that subsequently acquire AMPA receptors. In addition, we have found a developmental increase in the relative ratio of GluR2 compared to other AMPA receptor subunits on the neuronal surface.
MATERIALS AND METHODS
Pfu DNA polymerase, BamHI, and HindIII were obtained from Stratagene (La Jolla, CA). All oligonucleotides were synthesized by Cruachem (Glasgow, UK). Tissue-culture materials were purchased from Life Technologies (Paisley, Strathclyde, UK). For solid phase peptide synthesis, all reagents were purchased from Novabiochem (Nottingham, UK). All other reagents were from Sigma (Poole, UK). Selection of sequences for antibody production. For production of pan-AM PA antibodies we used 25, 58, and 92 amino acid long segments of the GluR1 flop sequence (residues 757-781, 724 -781, and 690 -781, respectively) preceding the last transmembrane domain (Hollmann et al., 1989) . This region shows ϳ90% sequence homology with all other AM PA receptor subunits (GluR2-4) and is thought to be extracellular (Cockcroft et al., 1993; Bennett and Dingledine, 1995) . In the extracellular N-terminal domain of the N R1 NMDA receptor subunit, a short unique region was identified (residues 436 -450 in N R1a) . This segment is believed to form a hydrophilic, surface-exposed, and flexible loop linking conserved secondary structures.
E xpression and purification of glutathione S-transferase-GluR1flop f usion proteins. Three glutathione S-transferase (GST) f usion proteins containing 25, 58 and 92 amino acid residues preceding the last membrane-spanning segment of GluR1 flop (Hollmann et al., 1989) were produced ( Fig. 1 A) . DNA fragments encoding amino acid residues 757-781, 724 -781, and 690 -781 of GluR1 flop were synthesized by PCR. The sequences of the forward primers were: (S1) 5Ј-GCGGGATCCAAAACAAAAGGCAAATACG-CC -3Ј, (S2) 5Ј-GCGGGATCCGATTCC -AAAGGC TATGGC -3Ј, (S3) 5Ј-GCGGGATCCCAGGGGCTTTTGGAC-3Ј. A common reverse primer wasusedforallthesePCRreactions(AS5Ј-GCGCAAGC TTCAGC TGGTC -TTGTCC TT-GGA-3Ј). The primers contained sites for BamHI and HindIII (as indicated by the underlined sequences). The reverse primer also incorporated a stop codon at the 3Ј-end of the amplified sequence. PCR products were purified on a 10% acrylamide gel, digested with BamHI and HindIII, than purified again on a 10% acrylamide gel, and ligated into a BamHI and HindIII-digested pGEX-2TH bacterial expression vector (Pharmacia, Piscataway, NJ). GST f usion proteins were expressed in Escherichia coli strain HB101 competent cells (Promega, Madison, W I). After induction and lysis, GST f usion proteins were purified on a glutathione agarose column and analyzed by SDS-PAGE (Fig. 1 B) . The purified f usion proteins were dialyzed against 20 mM Tris-HC l, pH 7.5, 2 mM MgC l 2 , and 1 mM DTT and protein concentration was measured with the L owry et al. (1951) assay. From selected clones, plasmid DNA was prepared, and the DNA sequence was confirmed by di-deoxy DNA sequencing using the Sequenase Quick-Denature plasmid-sequencing kit (United States Biochemical, C leveland, OH) with a 5Ј pGEX sequencing primer (5Ј-GGGC TGGCAAGCCACGTTTGGTG-3Ј; Pharmacia).
Preparation of synthetic peptides and peptide-carrier protein conjugates for NR1 antibody production. Sequence corresponding to residues 436 -450 of N R1a (Moriyoshi et al., 1991) was used to prepare synthetic peptides. This sequence is identical in all known N R1 splice variants (N R1a-g; Moriyoshi et al., 1991) . The N-terminal splice site (N1; 190 -211) is far from the 436 -450 segment and therefore unlikely to interfere with antibody binding. The N R1 436 -450 peptide was coupled to mercaptosuccinylated ovalbumin carrier protein (K lotz and Heiney, 1962) via the N-terminal cysteine of the peptide, which was conjugated to 5-thio-2-nitrobenzoic acid before coupling.
Immunization and immunoaffinit y purification of antibodies. Rabbits (two to four for each f usion protein) were injected subcutaneously with one of the purified GST f usion proteins (containing residues 757-781, 724 -781, or 690 -781 of GluR1 flop ), boosted every 4 weeks, and bled 10 d after each boost. T wo guinea pigs were injected subcutaneously with the GST f usion proteins containing residues 724 -781 (0.1 mg), boosted every 2 weeks, and bled 7 d after each boost. The antisera were preadsorbed using a Sepharose 4B column coupled with the unf used GST protein. Subsequently, GluR1 portion-specific antibodies were affinity-purified with a Sepharose 4B column coupled with the appropriate GST f usion protein containing residues 757-781, 724 -781, or 690 -781 of GluR1 flop . The antibodies were eluted from the columns using a buffer containing 0.1 M glycine-HC l, pH 2.5. The elute was immediately neutralized by addition of 1/10 volume of 1 M Tris-HC l, pH 8.0. The antibody solution was dialyzed against PBS. All rabbits and guinea pigs immunized produced antibodies recognizing the f usion proteins and GluR1-4 subunit proteins in transfected C OS-7 cells and rat brain membrane samples (Fig. 1 B,C) .
The ovalbumin-coupled N R1 peptide was coadsorbed with an adjuvant peptide (N-acetylmuramyl-L-alanyl-D-isoglutamine) to colloidal gold particles before immunization of New Z ealand white rabbits following previously published protocols (Pow and Crook, 1993) . The anti-N R1 antibody was immunoaffinity-purified using the cysteine containing synthetic peptide (5 mg) coupled to activated thiopropyl Sepharose 6B (Pharmacia). Other steps of the purification procedure were performed as described above. Serum antibody titers and the binding activity of the purified antibodies were analyzed using ELISA, as described previously (Molnar et al., 1993) .
Dot-blot assay. The subunit specificity of the antibodies raised against the NR1 436 -450 segment was tested using synthetic peptides representing corresponding residues of N R2A, N R2B, N R2C, and N R2D (residues 439 -453, 436 -449, 450 -464, and 465-477, respectively; Monyer et al., 1992; Cockcroft et al., 1993; Ishii et al., 1993) . Nonconjugated synthetic peptides were dissolved in 13 mM sodium carbonate, 35 mM sodium bicarbonate, pH 9.6, and 0.1 g /dot of each peptide was used to prepare nitrocellulose membranes for immunoreaction. After drying, membranes were immersed in blocking solution (5% nonfat dry milk and 1:50 dilution of normal swine serum in PBS) for 1 hr at 4°C. The membranes were then incubated for 2 hr with 1:200 dilution of the various antisera at room temperature. The bound antibodies were visualized by the enzymatic reaction of the alkaline phosphatase-conjugated anti-rabbit secondary antibody, as described previously (Molnar et al., 1993) .
Preparation of membrane f ractions f rom rat brain samples and transfected COS-7 cells. Membrane fractions were prepared from dissected cortical, hippocampal, and cerebellar areas of male Wistar rats. Tissue samples Figure 1 . Antibodies raised against different segments of the GluR1 flop TM3-TM4 loop can be used to identify all known AMPA receptor subunit proteins. A, Site-directed antibodies were raised against three GST fusion proteins, containing amino acid residues 690 -781 ( I ), 724 -781 (II ), and 757-781 (III ) of GluR1 flop . The location of putative membrane-spanning domains [TM1-4 or A-C are indicated in the figure] . B, The immunostaining of GST-GluR1 flop fusion proteins. GST fusion proteins (0.25 g/lane), containing residues 757-781 (III ), 724 -781 (II ), or 690 -781 ( I ) of the GluR1 flop subunit, were either stained with Coomassie blue or immunostained with a polyclonal rabbit antibody raised against the GST-GluR1 757-781 fusion protein. C, Characterization of the subunit specificity of antibodies raised against residues 690 -781, 724 -781, and 757-781 of the GluR1 flop AMPA receptor subunit. Membrane proteins (30 g/lane) from rat brain (RB) and transiently transfected COS-7 cells expressing either GluR1-4 (AMPA) or GluR5-7 (kainate) receptor subunits were immunostained with the indicated antibody (1 g/ ml). All four antibodies cross-react with all of the AMPA receptor subunit proteins (GluR1-4), and both flip and flop alternatively spliced isoforms of GluR1. The kainate receptor subunits (GluR5-7) were unlabeled.
were homogenized in 25 ml of 0.3 M sucrose and 20 mM Tris-HC l, pH 7.4, containing the following protease inhibitors: 2 mM DL-dithiothreitol (DTT), 1 M pepstatin A, 1 mM iodoacetamide, 1 mM phenylmethylsulfonyl fluoride (PMSF), 1 mM 1,10-phenanthroline, 2 mM EDTA, and 2 mM EGTA at 2°C with a glass-Teflon homogenizer. The homogenate was centrif uged at 10,000 ϫ g for 15 min, and the microsomal fraction was collected by centrif uging the first supernatant at 200,000 ϫ g for 30 min. All pellets were resuspended in the previously described buffer, snapfrozen in liquid nitrogen, and stored at Ϫ70°C until use.
The culturing of C OS-7 cells, the transient transfection with cDNA coding for different ionotropic subunits, and the membrane preparation from transfected cells were performed as described previously (McI lhinney and Molnar, 1996) . All plasmids were prepared for transfection studies using the Wizard Maxiprep plasmid kit (Promega). Protein concentrations in various membrane fractions were estimated by the procedure of L owry et al. (1951) , using BSA as standard.
SDS-PAGE, electrophoretic transfer of proteins and immunoblot anal ysis. SDS-PAGE was performed on 7.5 or 10% gels (Laemmli, 1970) . Proteins were transferred electrophoretically onto poly vinylidene difluoride microporous membrane (Immobilon; Millipore, Bedford, M A) using an Atto HorizBlot Electrophoretic Transfer Unit with a discontinuous buffer system for 1.5 hr at room temperature, as recommended by the manufacturer (Atto, Tokyo, Japan). Before immunostaining, the Immobilon sheets were blocked overnight at 4°C with 5% nonfat dry milk and 1:50 dilution of normal swine serum in PBS (blocking solution). The proteins on Immobilon sheets were reacted with different affinity-purified antibodies (0.5-1 g /ml) in blocking solution for 12-16 hr at 4°C. The bound antibodies were detected with either alkaline phosphatase-or horseradish peroxidaseconjugated anti-rabbit or anti-guinea pig IgG secondary antibody, as described previously (Molnar et al., 1993; McI lhinney and Molnar, 1996) .
Histoblotting. The distribution of AM PA receptor subunits was analyzed in rat brain, using an in situ blotting technique (histoblot; Tönnes et al., 1999) . In brief, horizontal cryostat sections (10 m) from rat brain were apposed to nitrocellulose membranes moistened with 48 mM Tris-base, 39 mM glycine, 2% SDS, and 20% methanol for 15 min at room temperature. After blocking in 3% fish skin gelatin, nitrocellulose membranes were DNase I-treated (5 U/ml), washed, and incubated in 2% SDS, 100 mM ␤-mercaptoethanol in 100 mM Tris-HC l, pH 7.0, for 60 min at 45°C to remove adhering tissue residues. After extensive washing, the blots were processed for immunostaining as described for immunoblotting.
Hippocampal cell cultures. Hippocampal cultures were prepared from 3-to 5-d-old rats as previously described (Richmond et al., 1996; Noel et al., 1999) . Neurons were used for experiments 3-5, 7-10, and 14 -20 d after plating.
Quantification of total and surface-e xpressed A MPA and NMDA receptor proteins in neuronal cultures using an ELISA-based assay (cell-ELISA).
Hippocampal cells were grown on 6-well plates as described above. C ells were fixed using 4% paraformaldehyde in 50 mM phosphate buffer, pH 7.2, for 20 min at room temperature, and then washed three times with PBS. C ells were incubated with 3% H 2 O 2 in PBS for 5 min to minimize endogenous peroxidase activity. Cultures were incubated with blocking solution (5% fetal bovine serum and 1% BSA in PBS) in the presence and absence of 1% Triton X-100 for 30 min, and then with primary antibodies against GluR1-4 or N R1 (1 g /ml in blocking solution) for 1 hr at room temperature. The addition of 1% Triton X-100 was omitted for detection of surface-expressed proteins. C ells were washed three times with blocking solution, incubated with anti-rabbit peroxidase-conjugated secondary antibody (1:3000 dilution in blocking solution) for 1 hr at 25°C, and washed four times in PBS. Samples in each well were incubated with 0.8 ml of K-Blue substrate (Neogen) for 10 min, after which the colored reaction end product was transferred from the plates into microf uge tubes containing 0.2 ml 1 M HC l to stop the reaction. The optical density of samples was determined at 450 nm. Control experiments with preimmune serum, or plates without hippocampal cells, were included routinely to determine background value, which was subtracted from the OD 450 readings. After the incubation with K-Blue substrate, cells were washed four times in PBS and solubilized in 0.2 ml 0.5% SDS. Protein concentration was determined with the Pierce (Rockford, IL) BCA protein assay kit using BSA as standard. Each OD 450 value of the ELISA reaction was normalized to protein levels. For each experiment four parallel samples were used. The cell ELISA approach was not possible with the anti-GluR2 monoclonal antibody (M AB397; Chemicon, Temecula, CA), because it did not work on paraformaldehyde-fixed cells.
Immunofluorescence staining. The specificity of the purified antiGluR1-4 antibodies was analyzed using transiently transfected C OS-7 cells expressing AM PA receptor subunits. The anti-N R1 antibody was tested using immunohistochemistry on human embryonic kidney (H EK) 293 cells transiently cotransfected with N R1 and N R2A subunits. The transfection and immunostaining procedure was performed as described previously (McI lhinney and Molnar, 1996; McI lhinney et al., 1996 McI lhinney et al., , 1998 . Whereas untransfected C OS-7 or H EK 293 cells showed no staining, transiently transfected C OS-7 and H EK 293 cells showed specific surface staining with the anti-GluR1-4 or N R1 antibodies, respectively.
For immunofluorescence experiments with living hippocampal neurons, the cells were washed twice with a H EPES-buffered saline (HBS; 119 mM NaC l, 5 mM KC l, 2 mM CaCl 2 , 2 mM MgC l 2 , 25 mM H EPES, 30 mM glucose, and 0.5 M TTX) heated to 37°C. The cells were labeled with the following antibodies at 20°C in 5% dialyzed BSA in HBS: (1) rabbit or guinea pig polyclonal antibody to the conserved extracellular loop regions of all four GluR1-4 subunits (100 g /ml), (2) rabbit polyclonal antibody directed against the N-terminal extracellular domain of N R1 (100 g /ml), or (3) mouse monoclonal antibody to the N-terminal domain (amino acid residues 175-430) of GluR2 (100 g /ml; M AB397, Chemicon; Vissavaj jhala et al., 1996) . We have verified that this antibody remains specific for GluR2 during the immunofluorescence staining procedure (at 100 g /ml concentration) using H EK 293 cells transiently transfected with either GluR2 or the closely related GluR1 AM PA receptor subunit (data not shown).
Incubation with the primary antibody lasted 1.5 hr at room temperature. After washing for at least 1 hr, the cells were fixed with methanol (Ϫ20°C for 1-2 min). For the localization of synapses, immunostained cells were first fixed and permeabilized with methanol followed by a second immunostaining with a mouse monoclonal antibody (Boehringer Mannheim, Mannheim, Germany; 2 g /ml) or rabbit polyclonal antibody (Biogenesis; 57 g /ml) to synaptophysin. The primary antibodies against GluR1-4, GluR2, N R1, and synaptophysin were visualized using the appropriate fluorochrome-conjugated secondary antibody (Oregon green 488 goat antirabbit IgG antibody, 2-20 g /ml, Molecular Probes, Eugene, OR; Texas Red goat anti-mouse IgG antibody, 10 g /ml, Jackson ImmunoResearch, West Grove, PA; Texas Red goat anti-guinea pig IgG antibody, 10 g /ml, Rockland, Gilbertsville, PA) in HBS with 5% BSA, and 0.2% goat serum was then applied for 1.5 hr at 4°C. Coverslips were mounted in Vectashield mounting medium (Vector Laboratories, Peterborough, UK).
Images were captured on a Leica (Heidelberg, Germany) TC S-N T confocal laser-scanning microscope attached to a DM RBE epifluorescence microscope using a 63ϫ lens, (NA 1.32; Leica, Heidelberg, Germany). The 488 and 568 nm laser bands of a Kr-Ar laser were used for dual dye excitation and fluorescein isothiocyanate/tetramethylrhodamine isothiocyanate filters for fluorescence emission. With the imaging conditions used, there was no detectable bleedthrough of fluorescence from one channel to the other when we studied single-labeled specimens. Microscope settings were adjusted so that imaging conditions for both red and green channels were kept constant. For quantitative analysis, confocal images from the red (488 nm) and green (568 nm) channels were merged using Adobe Photoshop software (Adobe Systems, San Jose, CA). T wice the level of background was then subtracted from the merged image to define the receptor clusters. Therefore clusters (or puncta) were designated as discrete regions with more than twice the fluorescence intensity of background. C lusters were ϳ1-2.5 m in size. Only puncta lying along processes interpreted as dendrites were counted. We have excluded regions from quantification where the clear identification of neuronal processes was ambiguous. Synapses (defined as synaptophysin-positive puncta) on dendritic processes were considered glutamate receptor-positive if they were directly apposed (or within 2 pixels) of GluR1-4, GluR2, or N R1 puncta. Similarly, if N R1-positive puncta were directly apposed or within 2 pixels of GluR1-4 or GluR2-positive puncta, they were taken to be colocalized. GluR2 or GluR1-4 puncta were then expressed as a ratio of synaptophysin or N R1 puncta in the same neurons. For statistical analysis, independent group t tests were used.
The intensity of background fluorescence was no more than 7-13% of the mean values for puncta, for all antibodies at all three developmental ages. Changing the criterion of the quantification in our doubleimmunolabeling experiments (e.g., using 1-3 times the background as threshold) did not alter the relative ratios of immunopositive puncta between the green and red channels. We have previously compared quantitatively the distribution of GluR1-4 and NR1 puncta on paraformaldehyde-fixed and living neurons (Noel et al., 1999) , and we have also performed acid-stripping of antibody-labeled cells, as described by Carroll et al. (1999) . These data demonstrate that neither antibody-induced aggregation nor internalization of receptors are significant factors in our living cell-staining protocols. Comparison with the GluR2 antibody (Chemicon) have not been made, because it did not work on paraformaldehyde-fixed neurons (Noel et al., 1999) .
RESULTS

Development and characterization of antibodies against AMPA and NMDA receptor subunits
To investigate the distribution of AMPA receptor proteins in living cells, polyclonal antibodies were raised against three fusion proteins derived from the TM3-TM4 linker region of the GluR1 flop subunit (Fig. 1 A,B) . A small segment of this region differs in two alternatively spliced versions of AMPA receptor subunits termed flip and flop (Sommer et al., 1990) . The amino acid sequence of the TM3-TM4 regions used for immunization shows ϳ90% similarity in all cloned AMPA receptor subunits (Cockcroft et al., 1993; . The affinity-purified polyclonal antibodies detected all three GST fusion proteins incorporating amino acid residues 757-781, 724 -781, or 690 -781 of GluR1 flop AMPA receptor subunit on immunoblots, whereas no crossreactivity was observed to GST (data not shown). In immunoblots of rat brain membranes, each of the antibodies specifically recognized a single band with an apparent size of 110 kDa (Fig. 1C) , corresponding to the molecular weight of AMPA receptor subunit proteins taking into account subunit glycosylation. COS-7 cells expressing individual subunits showed that antibodies raised against the conserved TM3-TM4 linker recognize all AMPA receptor subunits (GluR1-4 flip and flop), with no cross-reactivity with the related kainate receptor subunits GluR5-7 (Fig. 1C) . Furthermore, in vitro translated GluR1-4 subunits were also recognized in both flip and flop variants (data not shown). All immunoreactivity was blocked by preadsorbing the antibody with 100 g/ml of the protein used for immunization, and no specific staining was detected by replacing the antibody with the preimmune serum (data not shown).
To study the expression pattern of NMDA receptor proteins, antipeptide antibodies were raised against the NR1 subunit, which is an essential component of all known NMDA receptor heterooligomers (Monyer et al., 1992; . Antibodies were produced against synthetic peptides representing N-terminal residues 436 -450 of the NR1a subunit, a region that is present in all splice variants (NR1a-g). All of the immunized rabbits responded to the antigen after the first boosting injection, as determined by dot-blot assays with the nonconjugated peptide (Fig.  2 A) , and ELISA with the BSA-conjugated peptide (data not shown). The immune sera selectively labeled the synthetic peptide used for immunization but did not recognize the corresponding peptide sequences of other NMDA receptor subunits (Fig. 2 A) . The specificity of antibodies was further tested on immunoblots of membranes prepared from different regions of the rat brain and NR1a cDNA-transfected COS-7 cells (Fig. 2 B) . Antibodies raised against residues 436 -450 of NR1 reacted with a major band on immunoblots of brain samples and NR1a-expressing COS-7 cells with the molecular weight of 115 kDa, which closely approximates that expected for this subunit on the basis of amino acid sequence taking into account subunit glycosylation. The antibodies did not label membranes from COS-7 cells expressing either of the related NR2A-D NMDA receptor subunits (data not shown). Preincubation of the antipeptide antibodies with the respective synthetic peptide (100 g of peptide/ml) blocked the specific labeling (Fig.  2 B) . The anti-NR1 antibodies stained the surface of intact HEK 293 cells expressing recombinant NR1a and NR2A subunitcontaining receptors (Fig. 2C, left panel ) . No signal was obtained with nontransfected HEK 293 cells (Fig. 2C, right panel ) .
Immunochemical characterization of regional expression of AMPA and NMDA receptor proteins in unfixed rat brain
The regional distribution of GluR1-4 and NR1 immunoreactivity was analyzed on horizontal sections of whole unfixed adult rat brains blotted onto nitrocellulose membranes for immunostaining, as described by Tönnes et al. (1999) (Fig. 3) . The preparation of tissue samples for immunocytochemistry often requires fixation that introduces covalent modification of the proteins, which could alter the antibody-binding sites. The cross-linked molecules could therefore hinder the access of antibody to epitopes. Direct transfer of proteins onto immobilizing membrane gives much improved accessibility for immunochemical analysis, and it is particularly useful for the testing of antibodies, because it retains the anatomical localization of different brain regions (Benke et al., 1995; Wenzel et al., 1997; Tönnes et al., 1999) . Protein images on the nitrocellulose membranes were immunostained with the purified GluR1-4 and NR1 subunit-specific antibodies using conventional immunoblotting. Both GluR1-4 and NR1 immunoreactivities were predominant in the hippocampal formation (particularly in the CA1 region) and in the neocortex. The strongest GluR1-4 staining was found in the neuropil layers of the hippocampal formation, in the superficial layers of neocortex, and in the cerebellar molecular layer. Moderate levels of labeling was found in deeper layers of the neocortex, in the striatum, and in the olfactory bulb (Fig. 3, left  panel ) . The histoblot labeling pattern obtained with the NR1-specific antibody (Fig. 3, right panel ) was in agreement with the immunoblot analysis (Fig. 2 B) . The strongest labeling was in the hippocampal formation, where the highest reactivity was observed in the strata radiatum and oriens of CA1 and in the dentate molecular layer. Weaker reactivity was seen in the CA1 stratum pyramidale and in the dentate granule cell layer and in the CA3 region. In the neocortex the strongest NR1 staining was observed in the superficial layers. Cerebellar NR1 staining was relatively weak and was restricted to the granule cell layer (Fig. 3, right panel ) .
Quantification of developmental changes in total and surface-expressed AMPA and NMDA receptor proteins in CA3-CA1 primary neuronal cultures
Quantitative analysis of the surface expressed and total GluR1-4 and NR1 subunit proteins was performed by cell-ELISA on 3-, 10-, Figure 2 . Characterization of the NR1 antibody using synthetic peptides, rat brain membrane fractions, and transiently transfected COS-7 and HEK 293 cells. A, Dot-blot assay of antipeptide NR1 antibody specificity using synthetic peptides corresponding to sequences of different NMDA receptor subunits. Immune sera from two rabbits (1:200 dilution) reacted only with the NR1 peptide, confirming the sequence specificity of these anti-NR1 antibodies. B, Immunoblot analysis of NR1 subunit proteins in rat brain and transiently transfected COS-7 cell membrane preparations. Aliquots of cerebral cortical (CTX ), hippocampal (HIP), cerebellar (CER), spinal cord (SPC), and NR1a-transfected COS-7 cell membrane fractions (50 g of protein/lane) were prepared, as described previously (Molnar et al., 1993; . The bound antibodies were detected by reaction with alkaline phosphatase-conjugated anti-rabbit IgG. The preincubation of the antibody with the NR1 (436 -450) peptide (1 g/ml) blocked the labeling. C, Immunofluorescence staining of intact nonpermeabilized HEK 293 cells after transient transfection with NR1a and NR2A subunits. Transfected cells showed specific surface staining with the anti-NR1 antibody, whereas untransfected cells showed no immunostaining. Scale bars, 10 m.
and 17-d-old populations of cultured hippocampal neurons (Fig. 4) . We measured the levels of surface-expressed and total immunoreactivity for the GluR1-4 and NR1 antibodies using intact and Triton X-100 permeabilized, paraformaldehyde-fixed neurons. The paraformaldehyde fixation prevented the detachment of cells from the cell culture plate throughout the experiment. The integrity of the plasma membrane in paraformaldehyde-fixed cells was confirmed, using an antibody specific to the intracellular C-terminal domain of GluR2/3 AMPA receptor subunits (Chemicon). This antibody was unable to interact with the intracellular C-terminal domain of GluR2/3 in paraformaldehyde-fixed neurons without Triton X-100 permeabilization (data not shown). In each of the neuronal cultures, immunoreactivity was normalized to protein levels, as described in Materials and Methods.
Total NR1 expression increased by ϳ15% between days 3 and 10 in culture, but then remained essentially unchanged. Between days 3 and 17 the surface expression of NR1 protein was relatively constant at ϳ70% (Fig. 4 A,B) .
In contrast, we observed an ϳ1.5 fold increase in the total AMPA receptor subunit protein expression between days 3 and 10 in culture. This increase then stabilized between days 10 and 17 in culture (Fig. 4C) . The surface expression of AMPA receptor subunit proteins increased approximately twofold between days 3 and 10 in culture and then remained essentially the same (ϳ63%) until day 17 (Fig. 4 D) .
Our cell ELISA data indicate that ϳ60% of AMPA receptors and ϳ70% of NMDA receptors are surface-expressed in hippocampal neurons after 10 d in culture. This is consistent with the results of cell surface biotinylation, cross-linking, and proteolysis studies in cultured hippocampal neurons (Hall and Soderling, 1997a,b) and in cerebellar granule cells (Huh and Wenthold, 1999) .
There is a developmental shift of surface-expressed NMDA and AMPA receptors to synaptophysinimmunopositive sites Antibodies that recognize extracellular epitopes were used to analyze the surface distribution of AMPA and NMDA receptors in living hippocampal neurons. For the localization of synapses, immunostained cells were first fixed and permeabilized with methanol, followed by a second immunostaining with anti-synaptophysin antibody. Synaptophysin is a widely used marker protein of presynaptic specializations. Cultured neurons were used at 3 time points; 3-5, 7-10, or 14 -20 d in culture.
After 3-5 d in culture, the majority of GluR1-4-positive (ϳ79%; Fig. 5A ), NR1-positive (ϳ85%; Fig. 6 A) , and GluR2-positive (ϳ82%; Fig. 6C ) clusters colocalized with synaptophysin immunoreactivity, suggesting that most, but not all, NMDA and AMPA clusters are located at synapses (Fig. 7A) . A relatively small percentage of the total synaptophysin-immunoreactive puncta colocalized with GluR1-4 (ϳ45%; Fig. 5A ) or GluR2 (ϳ27%; Fig. 6C ), indicating that the majority of synapses do not contain AMPA receptors at 3-4 d in culture (Fig. 7B) .
After 14 -20 d in culture almost all the surface GluR1-4 (ϳ98%; Fig. 5B ), NR1 receptors (ϳ96%; Fig. 6 B) , and a majority of the surface GluR2-containing clusters (ϳ89%; Fig. 6 D) were colocalized with synaptophysin. At this age there was also an increase in the percentage of the total synaptophysin-immunoreactive puncta containing GluR1-4 (ϳ67%; Fig. 5B ) or GluR2 (ϳ62%; see Fig.  6D ). The percentage of the total synaptophysin-positive puncta containing NR1 (ϳ60%) remained essentially the same during development (Fig. 7B) .
The developmental increase in the percentage of synaptophysinpositive puncta expressing AMPA receptors could be attributable to the appearance of AMPA receptors at synapses that (1) previously only expressed NMDA receptors or (2) did not express either class of iGluR. To distinguish between these possibilities we have performed colocalization studies of AMPA and NMDA receptors.
During development, NMDA receptors are expressed at the synapse before AMPA receptors After 3-5 d in culture, numerous NR1 clusters were detected on the surface of pyramidal-shaped neurons (Fig. 8 A) . At this age, only ϳ41 and ϳ29% of the NR1 clusters colocalized with GluR1-4 or GluR2, respectively (Figs. 8 A, 9A) .
After 7-10 d in culture, the percentage of NR1 clusters that colocalized with GluR1-4 and GluR2 increased by ϳ1.5-and 2-fold, respectively, to ϳ60% (Figs. 8 B, 9B) , decreasing the number of NR1 only synapses to ϳ40%.
After 14 -20 d in culture, the percentage of NR1 clusters colocalized with GluR1-4 remained the same (ϳ60%), whereas colocalization with GluR2 moderately increased (Figs. 8C, 9C) .
These results suggest a developmental rearrangement in the distribution of AMPA receptors within neurons, such that there is an increase in the targeting of AMPA receptors to NMDA receptor containing synapses between days 3 and 20 in culture (Fig.  10 A-D) .
These experiments also revealed an unexpected difference be- Regional distribution of AMPA and NMDA receptor proteins in rat brain. AMPA and NMDA receptor protein distribution was analyzed on adult rat brain histoblots using affinity-purified anti-GluR1-4 (0.5 g/ ml) and anti-NR1 (1 g/ml) antibodies. The bound antibodies were visualized using an alkaline phosphatase-conjugated anti-rabbit antibody.
tween the colocalization of NR1/GluR1-4 versus NR1/GluR2 at 3-5 d in culture and raised the possibility of developmental changes in surface expressed AMPA receptor subunit composition. We therefore compared the distribution of GluR1-4 and GluR2 subunits directly.
The number of AMPA receptor clusters containing GluR2 subunits increased during development
At 3-5 d in culture ϳ67% of GluR1-4-positive puncta contained GluR2 immunoreactivity. This ratio increased to ϳ78% at 7-10 d , 85 Ϯ 3% of surface-expressed NR1 puncta (6 fields, 748 puncta) contained synaptophysinimmunoreactive puncta. At this age 61 Ϯ 7% of the total synaptophysin puncta (6 fields, 748 puncta) contained NR1. At 14 -20 d in culture ( B), 96 Ϯ 2% of surfaceexpressed NR1 puncta (4 fields, 413 puncta) contained synaptophysin-immunoreactive puncta, whereas 63 Ϯ 4% of total synaptophysin puncta (4 fields, 413 puncta) colocalized with NR1. At 3-5 d in culture ( C), 82 Ϯ 6% of surface-expressed GluR2 puncta (3 fields, 381 puncta) contained synaptophysin-immunoreactive puncta, whereas 27 Ϯ 10% of the total synaptophysin (3 fields, 418 puncta) contained GluR2. At 14 -20 d in culture ( D) 89 Ϯ 4% of surface-expressed GluR2 (4 fields, 366 puncta) contained synaptophysinimmunoreactive puncta, and 62 Ϯ 3% of the total synaptophysin (4 fields, 366 puncta) contained GluR2. Scale bars, 5 m.
in vitro. After 14 d, colocalization was almost complete (ϳ96%; Fig.  10 E) . These data are consistent with the increase in GluR2/NR1 (Fig. 10 D) and GluR2/synaptophysin (Fig. 7B ) colocalization during development, when compared to changes in GluR1-4/NR1 (Fig. 10C ) and GluR1-4/synaptophysin (Fig. 7B ) colocalization ratios. These results indicate an increase in GluR2 subunitcontaining AMPA receptors during development (Fig. 10 E) .
DISCUSSION
Antibodies that recognize all subunit combinations of surface expressed AMPA and NMDA receptors
To allow us to perform studies on live, developing neurons we used site-directed antibodies against extracellular epitopes that should recognize all NMDA and AMPA receptors. AMPA receptors were identified with antibodies raised against fusion proteins derived from the TM3-TM4 linker region of the GluR1 flop subunit. The use of these GluR1-4-specific antibodies eliminated the possibility that the observed changes are attributable to changes in subunit composition of AMPA receptors during development or differential targeting of individual subunits in neurons. NMDA receptors were identified by antibodies against N-terminal residues 436 -450 of the NR1 subunit. NR1 is part of every NMDA receptor expressed at the cell surface, and the selected sequence is identical in all splice variants of this protein, but different in other iGluR subunits.
The regional distribution of the GluR1-4 and NR1 receptor subunit immunoreactivity was analyzed in the adult rat brain using a histoblot procedure (Tönnes et al., 1999) . The direct transfer of native proteins from unfixed frozen tissue sections to an immobilizing matrix offers improved accessibility of the transferred proteins for immunochemical analysis. The histoblot patterns obtained agree well with previous autoradiographic studies using AMPA and NMDA receptor-selective radioligands (Monaghan et al., 1984; Bowery et al., 1988; Insel et al., 1990) and are consistent with the cellular distribution of different AMPA and NMDA receptor subunit mRNAs (Pellegrini-Giampietro et al., 1991; Monyer et al., 1994; Standley et al., 1995) . However, some of the previously published immunocytochemical studies performed on fixed tissue reported more uniform distribution of labeling for AMPA receptor subunits in different layers of the cerebral cortex (Petralia and Wenthold, 1992) . This difference could be attributable to the fact that synaptic receptors may be relatively inaccessible in the fixed tissue, or there are regional differences in mechanical properties, tissue permeability, or myelin content. The expression of both GluR1-4 and NR1 proteins is strongest in the hippocampus, therefore cultured hippocampal neurons provide a good model system to study the targeting of native AMPA and NMDA receptors.
Both AMPA and NMDA receptors concentrate at synaptic sites on the cell surface during development
In our study, most NMDA receptor clusters colocalized with the presynaptic marker synaptophysin. However, despite its extensive use as a synaptic marker, we cannot formally exclude the possibility that synaptophysin might sometimes occur at nonsynaptic loci or that some synapses might lack synaptophysin. Our results are consistent with electrophysiological data showing that the distribution of the presynaptic and postsynaptic terminals are rapidly synchronized, and most synapses have NMDA receptors throughout development (Tovar and Westbrook, 1999) . As neurons develop, synapses acquire AMPA receptors. The ϳ1.5 fold increase in the relative number of GluR1-4-positive synaptic puncta correlates only partially with the results of the cell-ELISA experiments, which indicate an approximately twofold increase in total surface expression of GluR1-4 subunits over a similar period of time. This suggests an increase in both the number of AMPA receptorcontaining synapses and the density of AMPA receptors at synapses. This result agrees well with electrophysiological data showing that the developmental increase in AMPA receptor EPSCs is attributable to both an increase in synapse number and an increase in quantal size (Gomperts et al., 2000) .
In the present study we have detected a small but significant proportion of extrasynaptic clusters of both AMPA and NMDA receptors. This observation is consistent with previous studies on AMPA (Richmond et al., 1996; Nusser et al., 1998) and NMDA receptors (Aoki et al., 1994; Liao et al., 1999) using cultured neurons and immunocytochemical methods. Here we have found a developmental decrease in the proportion of extrasynaptic clusters of both NMDA and AMPA receptors. This may be induced by the activity of newly formed synapses (Rao and Craig, 1997) .
NMDA receptor containing synapses progressively acquire AMPA receptors in developing hippocampal neurons
Recent studies have indicated that AMPA and NMDA receptor accumulation at excitatory synapses is independently regulated (Gomperts et al., 1998; Archibald et al., 1999; Liao et al., 1999; Lissin et al., 1999; Lüscher et al., 1999; Noel et al., 1999; Shi et al., 1999; Takumi et al., 1999; Gomperts et al., 2000) . Early in postnatal development most excitatory hippocampal synapses contain functional NMDA receptors without detectable AMPA receptor responses (Isaac et al., 1995; Liao et al., 1995; Durand et al., 1996) . During the first two postnatal weeks, synapses acquire functional AMPA receptors (Durand et al., 1996) . Our results are consistent with the evidence that expression and synaptic delivery of AMPA and NMDA receptor subunits are different and that these processes are developmentally regulated in hippocampal neurons. The molecular mechanisms regulating this differential targeting remain largely unknown, but proteins that interact directly with AMPA and NMDA receptor subunits are likely to play central roles in this process (Dong et al., 1997; Kornau et al., 1997; Nishimune et al., 1998; O'Brien et al., 1998a; Osten et al., 1998; Song et al., 1998; Dev et al., 1999; Lüscher et al., 1999; Lüthi et al., 1999; Noel et al., 1999; Wyszynski et al., 1999; Xia et al., 1999; Man et al., 2000) .
Other studies have also recently addressed developmental differ- Figure 7 . Quantification of developmental changes in the colocalization of AMPA and NMDA receptor subunit proteins and synaptophysin. A, The majority of surface NR1 (Ⅺ), GluR1-4 (f), and GluR2 (u) clusters colocalized with the presynaptic marker protein synaptophysin. B, The percentage of the total synaptophysin-immunoreactive puncta containing NR1 (Ⅺ) remained the same, whereas GluR1-4 (f) and GluR2 (u) increased during development. Mean and SE was calculated based on at least three independent determinations; *p Ͻ 0.001 compared with samples in the 14-to 20-d-old groups.
ences in the colocalization of AMPA and NMDA receptors. In an immunogold-labeling study, the amount of immunolabeling per synapse was initially high and remained constant for NMDA receptors. In contrast, gold labeling was initially low and increased during development for AMPA receptors . In the most comparable study, the distribution of AMPA and NMDA receptors was analyzed in fixed hippocampal neurons during development in culture (Liao et al., 1999) . Our results are in general agreement with the view that NMDA receptor only synapses are replaced by NMDA and AMPA receptor synapses during development, but there are significant quantitative differences between the two studies. For example, at 1 week in vitro Ͼ90% of synapses are silent in the study of Liao et al. (1999) , whereas we find Ͻ50% silent synapses at this time. There are several possible explanations for this difference: for example, (1) our experiments were performed on postnatal cultures compared with embryonic cultures.
(2) We labeled AMPA receptors with an antibody that recognizes all GluR1-4 subunits, whereas Liao et al. (1999) used GluR1 and GluR2/3 subunit-specific antibodies. (3) We labeled AMPA and NMDA receptors on the surface of neurons while they were still alive, whereas Liao et al. (1999) identified the total NMDA and AMPA receptor population after fixation and permeabilization.
The use of living neurons offers distinct advantages over fixed or fixed and permeabilized cells, e.g., fixation can hinder access to epitopes by covalent cross-linking, and permeabilization provides access to intracellular pools of receptors that clouds the interpretation of the synaptic distribution of receptors. Finally, antibodies that label living neurons can be used to study AMPA and NMDA receptor dynamics in physiological experiments.
A pertinent issue, in immunocytochemical experiments on both living and fixed cells, is the possibility that low levels of AMPA receptor protein could be misclassified as no AMPA receptor expression because of a lack of sensitivity. This is analogous to the misclassification of failures in electrophysiological experiments. However, we do not consider this to be a major source of error in our study because the mean intensity of the puncta were ϳ10-fold greater than the background.
The subunit composition of surface-expressed AMPA receptors changes during development
The GluR2 subunit in the edited form is responsible for the calcium impermeability of AMPA receptors. Our data indicate that early in development a high proportion of AMPA receptors are present at 41 Ϯ 6% of surface-expressed NR1 puncta (5 fields, 610 puncta) contained GluR1-4 puncta. This increased to 59 Ϯ 7% (8 field, 1255 puncta) and 59 Ϯ 5% (6 field, 875 puncta) after 7-10 ( B) and 14 -20 d ( C) in culture, respectively. Scale bars, 10 m. Figure 9 . Surface distribution of GluR2 and NR1 immunoreactivity during development of living hippocampal neurons in culture. Surface distribution of GluR2 and NR1 immunoreactivity on living hippocampal neurons in culture for 3 ( A), 8 (B), and 14 ( C) d. Colocalization ( yellow) of GluR2 (red) and NR1 ( green) immunoreactivity on living hippocampal neurons. The individual immunoreactivities for GluR2 and NR1 in region highlighted in the box are shown in the side panels. In 3-to 5-d-old neurons ( A) 29 Ϯ 5% of surface-expressed NR1 puncta (3 fields, 240 puncta) contained GluR2 puncta. This increased to 57 Ϯ 11% (3 fields, 124 puncta) and 67 Ϯ 2% (3 fields, 173 puncta) after 7-10 ( B) and 14 -20 d ( C) in culture, respectively. Scale bars, 5 m.
synapses that do not possess GluR2 immunoreactivity. However, after 2 weeks in culture the GluR2 immunoreactivity was present in nearly every AMPA receptor-positive synapse. The relative increase in synaptic GluR2 can reduce Ca 2ϩ influx by forming Ca 2ϩ -impermeable AMPA receptors on their own or in combination with other subunits (Fig. 10 F) . It is more likely that in hippocampal neurons GluR2 forms heteromeric AMPA receptor complexes with GluR1 or GluR3 subunits (Wenthold et al., 1996) . It is interesting to note that the relative increase in synaptic GluR2 continues during the second week, when there are only moderate changes in the surface expression and total amount of AMPA receptors, suggesting that this process is independently regulated. These results demonstrate that not only the expression and synaptic targeting of AMPA receptors is regulated, but that the subunit composition is also under developmental control.
Since the submission of our manuscript, electrophysiological studies have provided additional support for our results. A rapid and long-lasting change in the subunit composition and Ca 2ϩ permeability of AMPA receptors has been identified at cerebellar stellate cell synapses after synaptic activity (Liu and Cull-Candy, 2000) . Additionally, a new AMPA receptor-trafficking model for synaptic plasticity has been proposed, which is based on the differential targeting of GluR2 subunit-containing AMPA receptors (Malinow et al., 2000) . -impermeable AMPA receptors. Mean and SE was calculated based on at least three independent determinations; *p Ͻ 0.001 compared with samples in the 14-to 20-d-old groups.
